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Tombusviruses, which are positive-strand RNA viruses of plants, frequently generate defective interfering (DI) RNAs that
consist of three to four noncontiguous segments of the parental RNA. Replicase jumping was postulated to cause multiple
deletions leading to the de novo formation of DI RNAs in planta. This model was tested using a partially purified
RNA-dependent RNA polymerase (RdRp) preparation from tombusvirus-infected plants in vitro. The tombusvirus RdRp was
capable of primer extension without the need for sequence complementarity between the primer and the acceptor template
in vitro, although the most efficient primer extension was obtained with primers forming a 5-bp duplex with the acceptor
region. Primers forming 14- to 20-bp duplexes with the acceptor region were used less efficiently by the tombusvirus RdRp
in vitro. In addition, primers with 3 noncomplementary nucleotides were also extended by the tombusvirus RdRp, albeit with
a reduced efficiency. The preference of the tombusvirus RdRp for short base-paired primers in vitro is consistent with the
lack of extended sequence similarities at the junction sites in the de novo generated tombusvirus-associated DI RNAs. The
in vitro experiments also revealed that the acceptor region plays a significant role in primer extension. Comparison of
tombusvirus-derived, heterologous and artificial acceptor regions revealed that the conserved regions present in DI RNAs
are the best acceptor regions when they are available in the minus-strand orientation. These data suggest that recombina-
tion/deletion events may be more frequent at some regions, rather than occurring randomly throughout the parental genome.events, during plus-strand synthesis than during minus-str
INTRODUCTION
One of the most intriguing features of RNA viruses,
including retroviruses, is their ability to change rapidly,
thousands to millions times faster than their hosts
(Gibbs, 1987, 1999; King, 1988; Strauss and Strauss, 1988;
Keese and Gibbs, 1993). Accordingly, frequent emer-
gence of new viruses, strains, and defective interfering
(DI) RNAs is well documented for a number of viruses,
including tombus-, corona-, pesti-, picorna-, and alphavi-
ruses (Becher et al., 1999; Hajjou et al., 1996; Hill et al.,
1997; King, 1988; Lai, 1992; Molenkamp et al., 2000;
Ridpach and Neill, 2000; White and Morris, 1999). Muta-
tion and RNA recombination are two of the most frequent
mechanisms that drive RNA virus evolution (Dolja and
Carrington, 1992; Fernandez-Cuartero et al., 1994; King,
1988; Lai, 1992; Strauss and Strauss, 1988; and Zimmern,
1988). Of the two mechanisms, RNA recombination, a
process that joins together two noncontiguous RNA seg-
ments (King, 1988; Lai, 1992), causes more dramatic
changes, often leading to the generation of defective
viruses and DI RNAs.
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Earlier studies on Brome mosaic virus (BMV) and Tur-
nip crinkle virus (TCV) have revealed that RNA recombi-
nation can occur at several different locations within the
viral genome, but the distribution of recombination sites
is not random (Simon and Bujarski, 1994; Nagy and
Simon, 1997). Regions that have high recombination ac-
tivities are called “hot spots.” Characterization of hot spot
sequences in BMV has revealed that various factors can
influence the sites and frequency of recombination, in-
cluding short sequences flanking the hot spots that ei-
ther show high sequence similarity and contain AU-rich
regions or are capable of RNA duplex formation between
the recombining RNAs (Nagy and Bujarski, 1993, 1996,
1997, 1998). In contrast, the TCV system has been shown
to require cis-acting replication sequences for RNA re-
combination to occur (Cascone et al., 1990, 1993; Nagy
and Simon, 1997, 1998a; Nagy et al., 1998, 1999). The role
of cis-acting sequences, such as subgenomic promot-
ers, in RNA recombination was also proposed by Miller
et al. (1995). A partially purified TCV RNA-dependent RNA
polymerase (RdRp) based in vitro system has been used
recently to demonstrate that RNA recombination is me-
diated by the viral replicase (Nagy et al., 1998). Mutations
within the BMV replicase genes have altered the sites
and frequency of RNA recombination in BMV (Nagy et al.,In addition, these findings support a model that predicts a h
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vitro studies with Poliovirus, Bovine viral diarrhea virus,
and BMV RdRps also support the template-switching
model (Tang et al., 1997; Arnold and Cameron, 1999; Kim
and Kao, 2001). The picture is more complex in the Q
bacteriophage system where both template-switching
and RNA ligation-based RNA recombination have been
demonstrated (Biebricher and Luce, 1992; Chetverin et
al., 1997). Nevertheless, numerous observations with
several viruses support the widespread and frequent
occurrence of the template-switching type of RNA re-
combination (Lai, 1992; Nagy and Simon, 1997).
DI RNAs represent symptom-modulating RNAs, which
are derived from the “parental” viral genome (Perrault,
1981; Roux et al., 1991; White and Morris, 1999). The most
common DI RNAs are generated by one or multiple
recombination (deletion) events, which render the DI
RNAs dependent on their nondefective parental genome
for essential viral proteins. Replicase error; i.e., template-
switching or replicase jumping, during replication of the
parental virus, is thought to lead to the emergence of DI
RNAs (Perrault, 1981; Roux et al., 1991; White and Morris,
1999). Many DI RNAs compete successfully with the
helper virus during replication or other steps in the in-
fection cycle. DI RNAs may not only be useful as possi-
ble antiviral agents, but they may be used as gene
expression systems and model systems to study RNA
replication and recombination.
Tombusviruses are isometric viruses with monopar-
tite, single-stranded RNA genomes of 4.8 kb with
mRNA-sense polarity (Russo et al.,1994). The viral-coded
proteins p33 and p92 have been shown to be essential
for tombusvirus and DI RNA accumulation (Fig. 1)
(Scholthof et al., 1995a; Oster et al.,1998). Both p33 and
p92 are translated from the genomic RNA. p92 is the
result of translational readthrough of the translation stop
codon of p33 and was estimated to be present in 20-
fold lower amount than p33 in infected cells (Scholthof et
al., 1995a,b). Due to the protein expression strategy of
tombusviruses, the N-terminal portion of p92 overlaps
with p33. Tombusviruses are frequently associated with
DI RNAs that are derived entirely from the genomic RNA.
The tombusvirus-associated DI RNAs do not code for
proteins and can interfere with the accumulation of the
genomic RNA and reduce the intensity of symptoms in
virus-infected plants (Chang et al., 1995; Finnen and
Rochon, 1995; Havelda et al., 1998; Rubio et al., 1999).
The most frequently occurring DI RNAs (400–800 nt)
contain three or four short noncontiguous segments of
the genomic RNA (Fig. 1) (Burgyan et al., 1991; Chang et
al., 1995; Finnen and Rochon, 1993, 1995; Havelda et al.,
1998; Hearne et al., 1990; Hillman et al., 1987; Rochon,
1991). These segments are (i) region I, which includes
the 5 noncoding region; (ii) region II, which corresponds
to a central coding region within the p92 ORF; (iii) region
III, which represents a segment from the 3 end of p22
gene and the upstream portion of the 3 noncoding
region; and (iv) region IV, which is derived from the very
3 terminal segment (Fig. 1). Studies with various tom-
busvirus-associated DI RNAs in whole plants and proto-
plasts have demonstrated that each region may play a
role in DI RNA accumulation (Scholthof et al., 1995a; Wu
and White, 1998).
The generation of tombusvirus DI RNAs is thought to
occur via stepwise deletions of sequences that are pos-
sibly mediated by the viral replicase complex (White and
Morris, 1994b, 1999). In this study, we tested this model
by using an in vitro RdRp system obtained from Cucum-
ber necrosis virus (CNV) infected plants. The in vitro data
in this article demonstrate that primers that can form 4 to
5 bp with the acceptor region can be used efficiently by
the CNV RdRp for primer extension, a process analogous
to the putative recombination events. Primers with non-
complementary 3 ends can also be used by the CNV
RdRp in vitro, albeit with low efficiency. Overall, our in
vitro results can explain the presence of no, or only short,
identical sequences at the junction sites in most of the in
vivo generated DI RNAs. Our studies also find a signifi-
cant role for the acceptor regions in primer extension,
suggesting that recombination events may not occur
randomly. These results support a template-switching
model for the generation of DI RNAs in tombusviruses.
RESULTS
Rationale of this study
Previous studies established that the sites of deletions
and RNA recombination were not distributed randomly in
the tombusvirus DI RNAs (see Fig. 1), but rather four
regions in the tombusvirus genomes serve invariably as
recombination hot spots (reviewed in White and Morris,
1999). The replicase-driven template-switching model
(see Introduction) predicts that DI RNAs are formed
readily by tombusviruses because certain regions are
favored “landing sites” for the viral replicase during the
recombination events. Selection of the landing sites for
the “jumping” replicase may be guided by the annealing
of the primer (the incomplete nascent-strand transferred
from the donor sites) to certain positions within the
acceptor regions. However, analyses of junction sites in
FIG. 1. Schematic representation of the RNA genomes of a typical
tombusvirus (TBSV) and the prototypical DI-72 RNA. Tombusvirus RNAs
contain five open reading frames of which two are expressed from the
genomic RNAs (shown by open boxes) and three (shown by black
boxes) are expressed from two subgenomic RNAs. The four noncon-
tiguous regions (indicated by roman numerals) from which the TBSV-
derived DI-72 RNA is derived are depicted with gray boxes.
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a large number of de novo tombusvirus DI RNAs reveal
the presence of no, or only short (between 1 to 5 nt),
sequence identity between the donor and acceptor sites
(White and Morris, 1995, 1999). If one to five base-pairing
between the primers and the acceptor RNAs were the
only determinant of acceptor site selection, then a large
number of unique recombinants and DI RNAs would be
generated. On the contrary, only a limited number of
recombination hot spots are observed in tombusviruses
(White and Morris, 1994a,b, 1995, 1999). This suggests
that primer annealing to the acceptor region may play
only a limited role in selection of the acceptor sites
during tombusvirus recombination. In addition to primer
annealing, additional factors that may facilitate replicase
landing are cis-acting replication elements and structural
features of the RNA. The putative cis-acting elements
may be involved in actively recruiting the viral replicase
(Nagy et al., 1998; Nagy and Simon, 1997), while struc-
tural elements may bring distant regions into proximity
during template-switching events (Nagy and Bujarski,
1993; Nagy and Simon, 1997). An alternative model is that
recombination (sequence deletion) occurs randomly
throughout the genome, but postrecombinational selec-
tion only allows the accumulation of the most competi-
tive DI RNAs in plants. Below we address whether the
template-switching model can explain the formation of
tombusvirus DI RNAs using an in vitro RdRp system.
Short sequence complementarity between the primer
and the acceptor template is favored by the
tombusvirus RdRp in vitro
To test the above models of DI RNA formation, we
used a recently developed template-dependent RdRp
system obtained from CNV-infected plants (Nagy and
Pogany, 2000). Template recognition by the CNV RdRp
preparation in vitro was found to be similar to that of the
Tomato bushy stunt virus (TBSV) RdRp (Nagy and
Pogany, 2000). An advantage of using the CNV RdRp
preparation over the TBSV preparation is that the former
has higher activity in vitro, facilitating the detection of
RdRp products (not shown). To further increase the sen-
sitivity of the in vitro assay, we have developed a method
that facilitates bringing together the primer and the ac-
ceptor regions that share no or only limited sequence
complementarity (none to five bases) (Figs. 2A–2C; see
also Nagy et al., 1998; Nagy and Simon, 1998a). This was
done by covalently linking the primer region to the 3 end
of the acceptor region using a short “loop” sequence
(schematically drawn in Fig. 2C). This arrangement en-
sures that the primer is in the vicinity of the acceptor
region and it also allows the easy detection of primer
extension products (see below).
Using the above approach, we have tested the ability
of the tombusvirus RdRp to extend on primers using both
viral-derived and artificial sequences (see this and the
following sections). First, we have generated and tested
an RNA construct that contained the entire region IV()
present in both TBSV genomic RNA and DI-72 (repre-
senting minus-strand sequences, construct R4/5, Fig.
2D). The primer sequence, which represented 20 nt of
the 3 end of region III() of DI-72 (Fig. 1), was selected
to be capable of forming 5 base pairs with the acceptor
region. This construct may be analogous to an actual
recombination intermediate if template switching oc-
curred during plus-strand synthesis from region III() to
region IV() with the 3 end of region III() of the nas-
cent RNA serving as a primer (Figs. 2A–2C). Interestingly,
the above construct with 5-nt-long complementarity be-
tween the primer and the acceptor region supported
efficient primer extension (we will use this term through-
out the text to refer to the 3 self-priming reaction) in the
tombusvirus RdRp assay (Fig. 2D). The nature of the
RdRp product was proven by (i) its aberrant migration in
8 M urea/PAGE gels (Fig. 2D), which is due to an unusu-
ally stable hairpin conformation (schematically shown in
Fig. 2C); (ii) its partial sensitivity within the loop region of
the hairpin to S1 nuclease or RNase I treatments, which
change the migration of the RdRp products in 8 M urea/
PAGE gels, resulting a band that moves slightly faster
than the template-sized marker (Fig. 2D); (iii) this RdRp
product moves close to dimer-sized marker when the
electrophoresis is performed at 70°C in the presence of
40% formamide/8 M urea, which can fully denature the
hairpin RNA (see below). The above features of the RdRp
product exclude the possibility that de novo initiation by
the RdRp or a terminal transferase-like activity would be
involved. This is because de novo initiated products are
fully RNase resistant and can be denatured in 8 M
urea/PAGE gels, while terminally labeled products are
completely degraded during the RNase treatment (Song
and Simon, 1995; Nagy et al., 1998; Nagy and Pogany,
2000). Our attempts to clone these products failed due to
the unusually stable hairpin structures that prevent the
annealing of oligo DNA primers (not shown).
To further test the role of base-pairing between the
primer and acceptor in primer extension, we tested con-
struct R4/9 with a 9-nt complementary primer region in
vitro (Fig. 2E). This assay revealed almost as efficient
primer extension for construct R4/9 as for R4/5 (Fig. 2E).
Constructs with 14- and 20-nt complementary primer
regions were approximately four times less active than
construct R4/5 in the RdRp assays (constructs R4/14 and
R4/20, Fig. 2E). Surprisingly, the construct R4/0 that has
a primer that cannot form longer than 1 bp duplex with
the acceptor region still supported a significant level of
primer extension when compared to R4/5 (28% for con-
struct R4/0, Fig. 2E). The construct R4/144 with a primer
region that includes 14 base-paired region and 4 non-
paired nt at the 3 end also supported primer extension
(15% of that of R4/5, Fig. 2E). Interestingly, several bands
were obtained with the R4/144 template in 8 M urea/
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PAGE (Fig. 2E), suggesting the primer extension was
initiated at several different positions of the acceptor
region.
Efficient primer extension with short artificial primers.
To further test the role of the priming region in primer
extension by the CNV RdRp in vitro, we designed an
artificial priming region, as shown in Fig. 3A. The artificial
priming region consisted of sequences that could pre-
dictably fold to 1 to 18 base-paired structures (Fig. 3A).
The efficiency of primer extension may be influenced by
sequences located downstream to the primer. Therefore,
we chose region III() of DI-72 (Fig. 1), which is a
putative replication enhancer (Ray and White, 1999), as
the template region in these experiments. Among these
constructs, Art-5 with a priming region capable of form-
ing 5 base pairs supported the highest level of primer
extension in the CNV RdRp assay (Fig. 3B). This confirms
the above observation obtained with the TBSV-derived
priming region that primers with 5 paired nt are the most
favored by the CNV RdRp. The nature of the primer
extension product obtained with Art-5 was confirmed by
estimating that the product migrated twice the template
length in 40% formamide/8 M urea/PAGE that was run at
70°C (see left lane in Fig. 3C) and it was RNase I
sensitive (right lanes in Fig. 3C).
Constructs Art-4, Art-3, and Art-2 with priming regions
of 4, 3, and 2 base pairs in length resulted in decreasing
levels of primer extension (Fig. 3B). Constructs Art-0,
which lacks the 3 complementary sequence present in
Art-5, gave a reduced, but still easily detectable, level of
primer extension (10% of Art-5, Fig. 3B). The fact that the
3 end of Art-0 can form only one A-U base pair with the
acceptor region confirms that primer extension by the
tombusvirus RdRp does not require primers with ex-
tended base pairing to the acceptor region. Construct
Art-18 with a priming region of 18 base pairs gave re-
duced amount of primer extension product, confirming
the above observation obtained with the TBSV-derived
priming region that long base-paired primers are less
favored by the CNV RdRp than short (5-bp-long) primers.
Art-51 and Art-52 contained one or two non-base-
paired nt at the 3 end, which greatly reduced, but did not
FIG. 2. Development of an in vitro system to study the ability of
tombusvirus RdRp to extend on RNA primers. (A) Schematic represen-
tation of the generation of the primer within the donor region (black
boxed), followed by template-switching (dotted arrow) and landing of
the primer on the acceptor region (gray bar). The viral RdRp is omitted
from the figure (based on Nagy and Simon, 1997). This model predicts
that the incomplete nascent-strand (the primer) is transferred from the
donor region to the acceptor region in the tombusvirus RNA during the
deletion (recombination) events. Short base pairing (1 to 5 bp; White
and Morris, 1995, 1999) between the primer and the acceptor region
may facilitate the primer extension by the tombusvirus RdRp. (B) Sche-
matic representation of a putative recombination intermediate based
on the template-switching model shown in (A). (C) Schematic repre-
sentation of the constructs, which are designed based on the recom-
bination intermediate shown in (B), used to test the ability of CNV RdRp
to extend on short primers. An up to 20-nt-long inverted repeat derived
from the 3 end of region III was linked to the 3 end of the template
(representing the minus-strand region IV of DI-72) for the tombusvirus
RdRp to perform primer-extension. The obtained RdRp products are
very heat-stable hairpin-like molecules, which can be partially digested
with single-strand specific nucleases to obtain less heat-stable double-
stranded RNAs, as shown. (D) A representative 8 M urea/PAGE anal-
ysis of the in vitro generated RdRp products obtained with construct
R4/5, which has a primer region that can form a 5-bp duplex. Note that
the major RdRp product (marked with an asterisk) runs aberrantly due
to its highly stable hairpin-like conformation during 8 M urea/PAGE.
This self-primed RdRp product runs slightly ahead of the full-length
template, whose position is marked with T on the right, after S1
nuclease treatment (right lane, marked by). This is because (i) the S1
nuclease-treated hairpin-like RNA will be converted into dsRNA, which
can be completely denatured during 8 M urea/PAGE; and (ii) the
[32P]UTP-labeled strand of the RdRp product is expected to be 5 nt
shorter than the full-length template. This is because the loop region of
the primer is not copied by the RdRp and the loop region is degraded
by the S1 nuclease treatment (see C). (E) Representative 8 M urea/
PAGE analysis of CNV RdRp products obtained with templates contain-
ing primer regions with various lengths. All these templates are shown
in the 3 to 5 orientation since the acceptor region represents the
same minus-strand region IV sequences. The last number in the name
of the constructs indicates the length of the primer region that is base
paired (forming between 0 and 20 bp duplexes). Construct R4/144
contains a primer region which can form a 14-bp duplex and includes
four noncomplementary nucleotides at the very 3 end. The RdRp
products obtained with R4/144 show altered migration properties due
to different melting profile caused by the presence of four noncomple-
mentary nucleotides.
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eliminate, primer extension. This supplies further evi-
dence that the CNV RdRp can extend on primers con-
taining 3 non-base-paired “overhangs.”
Overall, the results obtained with the artificial primers
and region III() acceptor region (Figs. 3A–3B) con-
firmed the observations obtained above with TBSV-de-
rived primers and region IV() acceptor region (Fig. 2E).
Therefore, we conclude that the CNV RdRp can use
different primers and it is unlikely that the sequence of
the primer per se plays a role in primer extension in the
CNV system. The above experiments suggest that the
CNV RdRp favors 4 to 5 bp complementarity between the
primer and the acceptor region for primer extension. In
addition, the use of either shorter or longer than 5 bp
primers or primers with non-base-paired 3 ends are
also possible by the CNV RdRp.
Comparison of TBSV-derived, heterologous, and
artificial sequences as acceptor regions
In addition to the role of the above tested priming
region, the acceptor region may also play a role in primer
extension. For example, the acceptor region may facili-
tate the binding of the RdRp, which can increase the rate
of primer extension. The acceptor region may also de-
crease the level of primer extension by inhibiting RNA
synthesis due to secondary structures or other features
of the RNA, such as high AU content. To test whether the
acceptor region plays a significant role in primer exten-
sion, we first compared the efficiency of primer extension
in the presence of two TBSV-derived and two heterolo-
gous sequences. These sequences were region III()
and region III() present in both TBSV genomic RNA and
DI-72 and MDV() and MDV() RNAs, which represent a
short satellite RNA associated with Q bacteriophage
(Axelrod et al., 1991). All four constructs also contained
the same Art-5 primer region that is predicted to fold a
5-bp structure (Figs. 4A–4B). The in vitro assay revealed
that, despite the presence of the same primer region,
construct R III(), which contains minus-strand region III
sequences, supported primer extension 50-fold more
efficiently than R III(), carrying plus-strand region III
sequences (Fig. 4A). These primer extension activities
were normalized based on the number of templated UTP
(the radiolabeled nucleotide) incorporation for each tem-
plate. The two heterologous MDV-based templates [MDV
() and MDV ()] supported inefficient primer extension
when compared to R III() (Fig. 4B). The above obser-
vation that minus-stranded region III sequences support
primer extension at a much higher level than the plus-
strand region III or the heterologous MDV sequences in
the presence of the same primer supports the model that
the acceptor region plays a significant role in primer
extension.
To further test features of the acceptor region that may
affect primer extension, we constructed short templates
with either AU-rich (in construct AU1, Fig. 5A), GC-rich
(the target GC1 and GC2 sequences in constructs GC1
and GC2, Fig. 5B), or average GC contents (GC3 target
FIG. 3. Dissecting the role of the length of the primer during primer
extension by the CNV RdRp. (A) Schematic representation of the tem-
plates used in the in vitro assays. All the templates contain the same
acceptor sequence, region III(), and a primer with variable length of
paired nt as shown. Sequences are shown in the 3 to 5 orientation
since the acceptor region (the underlined sequence plus the gray bar)
represents minus-strand sequences. Constructs Art-51 and Art-52
contain one or two non-base-paired nucleotides at the 3 end. The
numbers below the constructs represent the percentage of primer
extension obtained with the CNV RdRp as compared to Art-5 (100%). (B)
A representative 8 M urea/PAGE analysis of CNV RdRp products
obtained with templates of (A). The primer extension products are
marked with arrows. All these RdRp products are partially RNase I
sensitive (not shown). (C) A representative PAGE analysis of the RdRp
product obtained with construct Art-5. The electrophoresis was performed
at 70°C in the presence of 40% formamide/8 M urea in the DCode system
(Bio-Rad). Under this condition, the hairpin-like RdRp product is fully de-
natured. The left lane shows the RdRp product without treatment, while the
right lanes show RNase I treated products (treatment with 10 and 20 U of
RNase I, respectively). Based on the migration of the RdRp product, we
estimate that the untreated primer extension product is close to double the
size of the template, while the RNase I treated RdRp product is close to
template sized (133 nt and marked with an asterisk).
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sequence in construct GC3, Fig. 5B). The GC1 sequence
is predicted to form a stable secondary structure, while
the GC2 sequence is predicted to consist of single-
stranded regions based on computer prediction (Nagy
and Bujarski, 1998 and Fig. 5B). All the templates of Figs.
5A and 5B had a common 5 region to allow for efficient
labeling of the RdRp products with [32P]UTP for each
template (including the GC-rich templates), and the same
Art-5 primer region, as schematically shown in Fig. 5A. If
the acceptor region plays a role in primer extension, then
it is expected that these constructs should support vari-
able levels of primer extensions due to the differences in
sequences and structures of these regions (termed tar-
get regions in Fig. 5A). Indeed, the in vitro CNV RdRp
assay revealed that construct AU1 with AU-rich se-
quence supported primer extension more efficiently than
constructs GC1, GC2, or GC3, although its efficiency was
10-fold lower than that of R III() (Fig. 5C). Since both
construct GC1, with a highly stable hairpin structure, and
GC2, with mostly single-stranded GC-rich region, sup-
ported primer extension inefficiently, this suggests that
the role for the secondary structure may be less signifi-
cant. The fact that an AU-rich sequence is favored over
GC-rich and average GC sequences suggests that the
sequence context of the acceptor region in the vicinity of
the primer region plays a significant role in determining
the efficiency of primer extension.
To evaluate the role of both proximal and distant se-
quences in primer extension, we first constructed tem-
plates that had the favorable AU-rich sequence posi-
tioned close to the primer region and the less favorable
GC-rich or GC-average sequences located at distal po-
sitions (see target sequences of GC1AU1 and
GC3AU1, Fig. 5B). These constructs supported primer
extension at least as efficiently as AU1 and more effi-
ciently than GC1 or GC3 did (see GC1AU1 and
GC3AU1 in Fig. 5C). These observations argue that the
sequence close to the primer region can influence the
efficiency of primer extension to a larger extent than the
sequence at a distal position. A similar conclusion can
be drawn from the results obtained with the construct
AU1GC1, which had the GC1 sequence flanking the
primer region and the AU1 sequence at a distal position,
showing inefficient primer extension (AU1GC1 target
sequence, Fig. 5B).
Overall, the data indicate that the sequence context of
the acceptor region, especially at proximal location to the
primer region, plays a significant role in the efficiency of
primer extension by the CNV RdRp in vitro.
Testing the ability of the conserved regions present
in the tombusvirus DI RNAs to facilitate primer
extension when present in plus- and minus-strand
orientation
The above results showing that the sequence of the
acceptor regions plays a role in primer extension are
consistent with a model that the four conserved regions,
which are present in the most common, prototypical DI
RNAs (Fig. 1), may be selected nonrandomly by the
tombusvirus RdRp during template switching. This model
predicts that during the three deletion events that are
needed to form DI-72 type RNAs (Fig. 1), three of the four
conserved regions may serve as favorite landing sites for
the RdRp–primer complex during either plus- or minus-
strand synthesis. To test whether the conserved regions
in DI-72 can support efficient primer extensions by the
CNV RdRp, we attached the Art-5 primer, which can form
a 5-bp duplex with the acceptor region, to the 3 end of
FIG. 4. Dissecting the role of the acceptor region during primer
extension by the CNV RdRp. (A) Schematic representation of the TBSV-
derived templates used in the in vitro assays. Both templates contain
the same primer sequence (Art-5, see Fig. 3A), while the acceptor
region is either region III() or region III() in constructs R III() and
R III(). The numbers next to the constructs represent the average
percentage of the primer extension obtained with the CNV RdRp as
compared to RIII(). A representative 8 M urea/PAGE analysis of CNV
RdRp products using increasing amounts of templates (0.1, 0.2, 0.4, 0.8,
and 1.6 g template). The primer extension products are marked with
arrows. All these RdRp products are partially RNase I sensitive (not
shown). (B) The ability of heterologous acceptor regions to support
primer extension by the CNV RdRp. The templates contain the same
primer sequence (Art-5, Fig. 3A), while the acceptor region is either
MDV() or MDV(). MDV is a 221-nt satellite RNA associated with
Q bacteriophage (Axelrod et al., 1991). A representative 8 M urea/
PAGE analysis of CNV RdRp products comparing the levels of primer
extension supported by the heterologous acceptor regions as com-
pared to that of R III(). The primer extension products are marked with
arrows.
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each plus- or minus-strand region of DI-72, as shown in
Fig. 6A. In vitro CNV-RdRp assays were conducted and
the results were normalized and compared to that ob-
tained with region III(). We found that regions II, III, and
IV of the minus-stranded DI-72 supported primer ex-
tension with moderate (higher than 20% value) to high
(higher than 50% value) efficiencies with the region III()
showing the highest activity (Fig. 6A). The plus-stranded
regions were in general less efficient than the minus-
stranded regions in supporting primer extension. The
only exception is region II, which was moderately effi-
cient in primer extension in both plus- and minus-strand
orientations (Fig. 6A).
To test whether primer extension was supported with
similar efficiency within an entire region, we made three
different region II() constructs, in which the Art-5 primer
was fused to different positions, as shown in Fig. 6A. The
efficiency of primer extension was gradually decreased
to 5% as the lengths of the acceptor region decreased.
Since the length of the shortest region II() construct is
comparable to the length of region III(), which showed
the highest activity, it is unlikely that the length of the
acceptor region would be important. It is more likely that
the 3 sequence of region II() can facilitate primer
extension more efficiently than the 5 sequence of region
II(). A possible interpretation of these data is that the 3
end of region II() is more likely to be involved in tem-
plate-switching than internal sequences in region II().
Note that we included constructs region IV() and region
I() in this experiment, although these regions are not
predicted to be involved as acceptor regions during DI
RNA formation (see Fig. 7). Instead, these regions may
serve as acceptor regions during formation of head-to-
tail DI RNA dimers, which are observed frequently in
tombusvirus infections (Dalmay et al., 1995; Finnen and
Rochon, 1995).
The experiments in Fig. 6A allowed the direct compar-
ison of the efficiency of various regions in primer exten-
sion since all the constructs included the same Art-5
primer, which was found to be the most efficient primer
in vitro (Fig. 3). During DI RNA formation, however, it is
very likely that unique primers are used for each deletion
event. Unfortunately, the nature of these primers is cur-
rently not known. Therefore, we wanted to test whether
the above differences among the various regions in
FIG. 5. Comparison of the ability of artificial acceptor regions to
support primer extension by the CNV RdRp. (A) Top: Schematic repre-
sentation of templates with artificial acceptor sequences. Two sets of
constructs, termed short and long, respectively, contain a common 5
region (underlined with a gray line) to allow for [32P]UTP labeling of the
products and an artificial primer region at the very 3 end (dotted arrow,
the actual sequence is Art-5, Fig. 3A). The target region (shaded)
contains artificial sequences. Bottom: One representative template
(construct AU1) with the actual sequence. (B) Sequence and the pre-
dicted structure of six different artificial sequences (shaded) used to
replace only the AU1 target sequence in construct AU1. The common
sequence and the primer region are the same in all these constructs.
(C) A representative 8 M urea/PAGE analysis of CNV RdRp products
using the series of templates shown in A and B. The primer extension
products initiated from the Art-5 primers are marked with arrows. All
these RdRp products are partially RNase sensitive (not shown). The
numbers below the lanes represent the percentage of primer extension
obtained with the CNV RdRp as compared to R III() (100%, see
Fig. 3A).
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primer extension could be repeated if TBSV-derived
unique primer sequences were used for each construct
(Fig. 6B).
Since the length of the complementarity between the
primer and the acceptor region has a major effect on the
efficiency of primer extension (Figs. 3 and 4), comparison
FIG. 6. Comparison of the level of primer extension obtained with the conserved regions present in DI-72 RNA. (A) These templates contain the
same Art-5 primer region (indicated by a solid arrow, see Fig. 3A) and the shown acceptor regions. Acceptor regions representing ()-strand
sequences are shown with black lines above the four regions (gray boxed) of DI-72 RNA (Fig. 1), while those representing ()-strand sequences are
shown with gray lines below. The normalized percentage values of the levels of primer extension as compared to that of region III() [see construct
R III() in Fig. 4] are shown above the constructs. (B) Constructs of B contain the shown acceptor regions and unique, TBSV-derived primers that can
form 14-bp duplexes (indicated by a dotted arrow and arranged as in A). The unique primer regions were obtained by fusing different inverted repeat
sequences derived from the 3 end of neighboring regions to the 3 end of each acceptor region in each construct. The normalized percentage values
of the levels of primer extension as compared to that of region III() (carrying the unique primer) are shown above the constructs. Other symbols
are arranged as in A.
FIG. 7. Prediction of the probability of replicase-driven template-switching to generate deletions in tombusviruses. The probability of the deletion
events is based on the results shown in Figs. 6A and 6B. The replicase-driven template-switching model of DI RNA formation in tombusviruses
predicts that three targeted deletion events are required to generate DI-72-like RNAs from the full-length TBSV genomic RNA. The deletion events
may occur during minus-strand synthesis, during plus-strand synthesis, or both. The arrows connecting various regions are different since deletion
events likely occur sequentially (stepwise deletion model, see White and Morris, 1999). Based on the time course of DI RNA appearance, deletions
between region I and region II and between region II and region III occur more rapidly than deletions between region III and region IV (White and
Morris, 1994b). (A) and (B) show schematically the deletion events occurring either during ()- or ()-strand synthesis.
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of constructs with various lengths of primers can be
complicated. Therefore, we chose to make each unique
primer region 14 bp long, which is expected to facilitate
primer extension less efficiently than the Art-5 primer
(based on Figs. 3 and 4). Each of these primers has a
unique sequence derived from a nearby upstream region
of the junction sites (see Materials and Methods). As
expected, constructs with the 14-bp unique primers sup-
ported primer extension less efficiently than the corre-
sponding constructs with the Art-5 primer regions (data
not shown). For example, region III() with the unique
primer supported only 7% of the level of primer extension
that was obtained with the Art-5 primer (not shown).
Comparison of the efficiency of primer extension among
the constructs with unique primers [Fig. 6B, region III()
serving as the reference construct with 100% value] re-
vealed that, in general, the minus-stranded regions were
highly or moderately active, while the plus-stranded re-
gions supported low levels of primer extension (Fig. 6B).
The notable exception is region I(), which showed 47%
primer extension when compared to that of region III()
(Fig. 6B). Although the interpretation of these data are
expected to be more complex than that of Fig. 6A (due to
the unique nature of each primer sequence), the results
are generally in agreement with that of Fig. 6A.
To further test if various segments of the conserved
regions may show different efficiency in supporting
primer extension, we generated two sets of constructs
for region II(), region III(), and region III(), as shown
in Fig. 6B. Each of these constructs contained a unique,
TBSV-derived 14-bp primer. These experiments demon-
strated that all constructs containing region III()-strand
sequences supported primer extension with low effi-
ciency (between 10 and 16%), while constructs contain-
ing region II() and region III() sequences supported
primer extension with moderate and high efficiency, re-
spectively (Fig. 6B). Since the primer extension was ef-
ficient from both the 3 ends and the internal positions of
region II() and region III(), it is possible that the
tombusvirus RdRp could “jump” to various positions of
these two regions during template-switching. This model
is in agreement with in vivo observations that the region
II and region III junctions are quite variable in different DI
RNAs.
Overall, both sets of experiments in Fig. 6 suggest that
the probability for the three deletion events that are
needed to form DI-72 type of DI RNAs to occur on
minus-strand RNA during plus-strand synthesis is higher
than during minus-strand synthesis (Fig. 7). The chance
for participation of plus-strand regions I and II is better
with some primers than with others (compare Figs. 6A
and 6B), while region III() has the lowest chance to
serve as the RdRp landing site during the deletion
events.
DISCUSSION
Generation of DI RNAs is an intrinsic property of tom-
busviruses. The de novo generated DI RNAs contain
three to four noncontiguous segments from the parental
tombusvirus genomic RNA (reviewed in White and Mor-
ris, 1999). These regions are conserved in most DI RNAs,
although the junction sites are highly variable. In addi-
tion, the right and left borders of junction sites show no
or only limited sequence similarities. How then are these
regions selected to assemble the DI RNAs? It has been
proposed that replicase jumping (template switching) in
a targeted, stepwise manner is responsible for multiple
deletions leading to the de novo formation of DI RNAs in
planta (White and Morris, 1999). If the replicase mediates
the deletion events, then it should be possible to test
whether a tombusvirus RdRp preparation can perform
these events or parts of the events in the test tube.
Accordingly, in this article we demonstrate two features
of the CNV RdRp that may be important for DI RNA
generation: (i) the CNV RdRp is capable of using primers
with none or short sequence complementarity with the
acceptor region; and (ii) the regions that are present in DI
RNAs can serve as efficient templates in an in vitro
primer extension reaction with the CNV RdRp.
In comparison of primers that can form duplexes of
various length with the acceptor region, we observed
that primers with approximately 5 base pairs supported
the most efficient primer extension, while longer primers
(14 to 20 bp) were much less efficient than the shorter
primers in the in vitro CNV RdRp reactions. Importantly,
3 noncomplementary bases reduced the extent of
primer extension, but the amounts of the products were
still significant. Overall, the results of these experiments
argue that junction sites in the de novo generated DI
RNAs do not contain long stretches of similar sequences
because the tombusvirus RdRp preferably elongates
short base-paired primers. We propose that the ability of
the tombusvirus RdRp to extend on short base-paired as
well as non-base-paired (primer with 3 noncomplemen-
tary bases) primers is an important feature during DI
RNA formation. Also, the ability of the tombusvirus RdRp
to extend short and mispaired primers may explain why
tombusviruses produce frequently aberrant homologous
and nonhomologous recombinants, while precise homol-
ogous recombinants are less frequent (White and Morris,
1999). Similar to the tombusvirus RdRp, sequence
complementarity between the primers and the acceptor
templates is not required for primer extension by the TCV
(Nagy et al., 1998; Nagy and Simon, 1998a,b), poliovirus
(Arnold and Cameron, 1999), and the BMV (Kim and Kao,
2001) RdRps in vitro. Based on these and other results,
an emerging picture is that viral RdRps do not need
stretches of sequence complementarity between the
primer and the template as is frequently the case for
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reverse transcriptases (Peliska and Benkovic, 1994;
Svarovskaia et al., 2000; Negroni and Buc, 2000).
An interesting finding of this work is the demonstration
of the role of the acceptor region in primer extension.
Comparison of numerous TBSV-derived, heterologous
and artificial sequences as acceptor regions revealed
that region III() is the best at supporting primer exten-
sion. Region II() and region IV() were also found
efficient in primer extension in the presence of two dif-
ferent primers, while region I() and region II() were
good at primer extension with one set of primers, but
poor with a second set (Figs. 6A–6B). In contrast, region
III() supported primer extension poorly with two differ-
ent primer sets. An artificial AU-rich acceptor region was
more efficient in supporting primer extension than ac-
ceptor regions with high or average GC contents (Fig. 5).
This suggests that the sequence of the acceptor region
is a factor in primer extension. The role of the secondary
structure is less obvious, since two constructs with GC-
rich acceptor regions, one of which with stable and the
other without a stable secondary structure, supported
primer extension poorly (Fig. 5C). GC-rich sequences
flanking the priming region may decrease primer exten-
sion due to reduced binding to the CNV RdRp. Alterna-
tively, the GC-rich sequence may inhibit elongation of the
primer by the CNV RdRp. The latter model is less likely
since three different sequences with high or average GC
contents, which can or cannot form highly stable hairpin
structures, all reduced the extent of primer extension.
Also, a GC-rich sequence was inefficient inhibitors of
primer extension when they were positioned at a more
distant downstream location (construct GC1AU1, Fig.
5C). Nevertheless, the possibility of inhibition of primer
extension by the GC-rich or GC-average sequences,
when present close to the primers, has not been com-
pletely excluded, since it is possible that the RdRp may
be more responsive to the sequence context during
primer-mediated initiation than during elongation.
The observation that the acceptor region plays a major
role in primer extension suggests that the acceptor re-
gion is likely involved in the recruitment of the viral
replicase during the template-switching events. There-
fore, it is possible that region III() is the best acceptor
region due to its high affinity to the replicase. Consistent
with this view, Ray and White (1999) demonstrated that
region III serves as a replication enhancer during DI RNA
replication. The simplest model to explain DI RNA for-
mation based on the above data is that tombusvirus
RdRp favors the landing on certain regions in the TBSV
genome during DI RNA formation. These selected re-
gions may contain cis-acting sequences that facilitate
both the replicase landing during deletion events and the
subsequent amplification of the de novo generated DI
RNAs. This model for formation of TBSV DI RNAs is
similar to that proposed for recombination between the
TCV-associated satC and satD (Cascone et al., 1990,
1993). satC() was found to contain a replication en-
hancer (Nagy et al., 1999) which also serves as recom-
bination hot spot (Cascone et al., 1990; Nagy et al., 1998).
The replication enhancer of satC() was demonstrated
to enhance primer extension and increase the competi-
tiveness of the RNA in in vitro TCV RdRp assays (Nagy et
al., 1999). Further experiments will be needed to demon-
strate cis-acting roles for the regions present in TBSV-
associated DI RNAs.
The results presented in this article suggest that the
selection of the acceptor sites (i.e., the landing sites) may
be guided by annealing of short primers as well as by
features of the acceptor regions. Based on the role of the
primer and the acceptor region in primer extension in
vitro, we propose that the mechanism of DI RNA forma-
tion in tombusviruses is possibly similar to the similarity-
assisted recombination model, which also predicts a role
for the annealing of the primer to the acceptor region as
well as the active role of the acceptor region in recruiting
the RdRp during template-switching (Nagy and Simon,
1997).
Comparison of the ability of the conserved regions
present in the tombusvirus-associated DI RNAs to sup-
port primer extension in vitro revealed that the minus-
stranded regions II, III, and IV may serve as preferred
landing sites for the jumping replicase during the dele-
tion events (Fig. 7). The above data suggest that repli-
case jumping on the plus-strands of the tombusvirus
RNA is possible, but less likely. For example, region III()
was 10- to 50-fold less efficient in primer extension than
region III() using two different primers (Figs. 4A and
6A–6B). Since region I() and region II() were moder-
ately efficient with one of the two primer sets tested (Fig.
6A and B), it is possible that these regions may be
involved in deletion events with low to moderate levels of
frequency (Fig. 7A). It is important to emphasize that the
above prediction is based only on the in vitro data ob-
tained with putative TBSV-derived and artificial primers
and selected acceptor regions. However, the nature and
the abundance of various primers (incomplete nascent-
strands) may be greatly varied during tombusvirus repli-
cation. The generation of these primers should depend
on several factors including the features of the donor
site/replicase interactions. These interactions should be
defined in the future to refine the proposed model of DI
RNA formation in tombusviruses.
MATERIALS AND METHODS
Plant inoculation and CNV RdRp preparation
Nicotiana benthamiana plants were inoculated with
CNV genomic RNA transcripts obtained by standard T7
RNA transcription using SmaI-linearized clone of pK2/
M5p20STOP for CNV (Rochon, 1991). CNV RdRp prepa-
rations were obtained from systemically infected leaves
as described by Nagy and Pogany (2000).
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TABLE 1
List of Primers and Templates Used to Generate the Shown Constructs with PCR
Constructs Template Primer Sequence
RI()A DI-72 359 GTAATACGACTCACTATAGGAAATTCTCCAGGATTTC
147 TCGTCTTATTGGACGAGTCGCTTGTTTGTTGGA
RII-1()A DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC
146 TCGTCTTATTGGACGACCAACAAGAGTAACCTG
RII-2()A DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC
163 TCGTCTTATTGGACGACTCTGCTTTTACGAAGG
RII-3()A DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC
164 TCGTCTTATTGGACGACTCGTGTGTAAGTACGG
RIII()A DI-72 18 GTAATACGACTCACTATAGGAGAAAGCGAGTAAGACAG
111 TCGTCTTATTGGACGACAAGTGACACCTAAC
RIV-1()A DI-72 19 GTAATACGACTCACTATAGGAATTCCTGTTTACGAAAG
149 TCGTCTTATTGGACGAGGGCTGCATTTCTGCAATG
RI()A DI-72 15 GTAATACGACTCACTATAGGGCATGTCGCTTGTTTGTTGG
165 TCGTCTTATTGGACGAGGAAATTCTCCAGGATTTC
RII()A DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTTTTACGAAG
167 TCGTCTTATTGGACGAAGAAACGGGAAGCTCGC
RIII()A DI-72 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
112 TCGTCTTATTGGACGAGATAGTCACTTGACTAC
RIV()A DI-72 22 GTAATACGACTCACTATAGGGCTGCATTTCTGCAATGTTCC
168 TCGTCTTATTGGACGAATTCCTGTTTACGAAAG
RI()B DI-72 359 GTAATACGACTCACTATAGGAAATTCTCCAGGATTTC
55 CGGGAAGCTCGCTCGTAGGTTGTGGAGTGCG
RII-1()B DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC
53 GACAGACTCTTCAGTCTCCACAAACTCAGAC
RII-2()B DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGAAGCTCGC
54 GCGGTGCGAAACTCCTCGTGTGTAAGTACGG
RIII-1()B DI-72 18 GTAATACGACTCACTATAGGAGAAAGCGAGTAAGACAG
52 CCTGTTTACGAAAGCACAAGTGACACCTAAC
RIII-2()B DI-72 19 GTAATACGACTCACTATAGGAATTCCTGTTTACGAAAG
108 AGCATACAGCCAACAAGAGTAACCT
RII-1()B DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTTTTACGAAG
57 CGCTTGTTTGTTGGGGATAAATTGTAACTTC
RII-2()B DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTTTTACGAAG
58 GGGCTACCCCAACCAAGCGGTTTGTGAGAAG
RIII-1()B DI-72 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
59 CTCTGCTTTTACGAAGATAGTCACTTGACTAC
RIII-2()B DI-72 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
61 CTCCACAAACTCAGACGTAAGACAGACTCTTCAG
RIV()B DI-72 22 GTAATACGACTCACTATAGGGCTGCATTTCTGCAATGTTCC
60 CCAACAAGAGTAACCTGGCATAGCATACAGG
Art-0 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
175 TTATTGGACGAGATAGTCAC
Art-2 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
174 TCTTATTGGACGAGATAGTC
Art-3 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
173 GTCTTATTGGACGAGATAGTC
Art-4 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
172 CGTCTTATTGGACGAGATAGTC
Art-18 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
171 TCAAGTGACTATCTCGTCTTATTGGACGAGA
Art-51 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
176 GTCGTCTTATTGGACGAGAT
Art-52 RIII()A 116 GTAATACGACTCACTATAGGACACCTAACTTTCGT
177 AGTCGTCTTATTGGACGAGAT
MDV() MDV 192 GTAATACGACTCACTATAGGGGACCCCCCGGAA
193 TCGTCTTATTGGACGACCCGGGGAACCCCCCTTC
MDV() MDV 194 GTAATACGACTCACTATAGGGGAACCCCCCTTC
195 TCGTCTTATTGGACGACCCGGGGACCCCCCGGAA
AU1/L PN-RAU1 248 GTAATACGACTCACTATAGGAGACCCTGTCCAGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGATCC
GC1/L PN-GC1 248 GTAATACGACTCACTATAGGAGACCCTGTCCAGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGATCC
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Preparation of RNA templates
For the in vitro experiments, RNA templates were ob-
tained by in vitro transcription reaction with T7 RNA
polymerase using PCR-amplified DNA templates. The
DNA templates and primers used for PCR reactions are
listed in Table 1. The DNA templates were purified as
described previously (Nagy and Pogany, 2000) before in
vitro transcription with T7 RNA polymerase. The unincor-
porated nucleotides were removed by phenol/chloroform
extraction and repeated ammonium acetate/isopropanol
precipitation (Song and Simon, 1994; Nagy et al., 1997).
The T7 transcription products were analyzed by 5% de-
naturing PAGE and the amounts of RNA were measured
by UV spectrophotometry. For repeating several RdRp
experiments, we used RNA transcripts purified from de-
naturing PAGE gels, which removes shorter or longer
than template-size RNAs generated by T7 transcription.
RdRp assay
Approximately 1 g of R III() RNA was used for the
RdRp reaction, while the amounts of other RNA tem-
plates used were adjusted based on their relative size as
compared to R III() to have comparable molar amounts
of templates in each reaction. RdRp reactions were car-
ried out as previously described (Nagy and Pogany,
2000), with the exception that half of each RdRp product
was used for either S1 nuclease (Song and Simon, 1994;
Nagy and Pogany, 2000) or RNase I (Ambion) treatment.
The RNase I treatment was done at 37°C for 30 min in
100 l reaction containing 50 mM Tris–HCl (pH 7.9), 10
mM MgCl2, 10 mM NaCl, 1 mM DTT, and 10 units RNase
I. The reaction was terminated by adding 5 l 10% SDS
followed by phenol/chloroform extraction and ammo-
nium acetate/isopropanol precipitation (Nagy and
Pogany, 2000). The untreated and the RNase-treated
RdRp products were analyzed by 5% denaturing PAGE in
the presence of 8 M urea, followed by phosphorImager
analysis (Nagy and Pogany, 2000). Selected samples of
RdRp products were also analyzed by electrophoresis
performed at 70°C in the presence of 40% formamide/8
M urea in the DCode system (Bio-Rad). The data for each
sample were normalized based on the number of tem-
plated UTP incorporation (Nagy and Pogany, 2000).
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